A human donor-selected immunoglobulin G for intravenous injection (IGIV) product with elevated titers against the staphylococcal fibrinogen-binding MSCRAMM proteins ClfA and SdrG (INH-A21) was tested in vitro and in vivo. INH-A21 contained a significantly increased ability to inhibit the fibrinogen-binding activity of recombinant forms of both ClfA and SdrG. Evaluation of the opsonizing potential of INH-A21 was evaluated using fluorescently labeled bacteria; this assay indicated an increase in phagocytic activity compared to normal IGIV. The prophylactic efficacy of INH-A21 against an intraperitoneal challenge of methicillin-resistant Staphylococcus epidermidis (MRSE) was evaluated in a neonatal rat model. INH-A21 was also evaluated for prophylactic and therapeutic efficacy in a rabbit model of catheter-induced aortic valve infective endocarditis caused by either MRSE or methicillin-resistant Staphylococcus aureus (MRSA). Results from the in vivo models demonstrated potent prophylactic and therapeutic efficacy against both MRSE and MRSA. These data suggest that INH-A21 may be an important tool for the prevention and treatment of staphylococcal infections, especially in high-risk populations.
Staphylococcus aureus and Staphylococcus epidermidis account for over half of all nosocomial bloodstream infections annually in the United States (30) . Very-low-birth-weight (VLBW) infants are highly susceptible to such infections. Recent data indicate that VLBW infants account for approximately 1.46% of all live births in the United States, representing 58,544 infants per year (16) , and in one study of infants with birth weights of 401 to 1,500 g, the rate of infection after day 3 of life was 21% (28) . In fact, late-onset sepsis has become the most common cause of death among premature infants after the third day of life (27) . The magnitude of the morbidity and mortality in this vulnerable patient population requires the development of new strategies to reduce this significant social and economic burden.
Passive immunization with normal human immunoglobulin G (IgG) for intravenous injection (IGIV) has been studied in numerous clinical trials to determine its effectiveness in preventing or treating nosocomial infections in premature infants. However, studies in the United States have shown only marginal benefits of treating premature infants with IGIV (14) . This outcome may have resulted from inadequate levels of specific antibodies directed against prevalent neonatal pathogens (9, 10, 25) . In an effort to provide an IGIV with standardized levels of protective antibodies against the most prevalent bacterial pathogens in neonatal sepsis, we have screened plasma donors for the presence of elevated levels of antibodies directed against a family of adhesin proteins that are expressed on the surface of most S. aureus and S. epidermidis clinical strains (17, 19) . Some adhesins, known as MSCRAMM (microbial surface components recognizing adhesive matrix molecules), are responsible for the binding of staphylococci to human extracellular matrix proteins and also to surgical implants, such as catheters, artificial joints, and vascular grafts (11, 12, 21, 22) . Microbial adherence has been recognized as the initiating event in most infectious processes. Therefore, interfering with this critical step in the pathogenesis of infection should lead to a reduction in the severity and incidence of disease.
We previously reported that a polyclonal S. aureus immunoglobulin (SA-IGIV) that contained elevated levels of antibodies to S. aureus clumping factor A (ClfA), a fibrinogen-binding MSCRAMM, has multiple in vitro and in vivo activities that suggest it may have therapeutic potential (29) . Specifically, in both early and well-established methicillin-resistant S. aureus (MRSA) infective endocarditis, the addition of SA-IGIV to a standard antibiotic regimen (vancomycin) increased bacterial clearance in rabbits. We now report the in vitro and in vivo biological activities of a similar polyclonal specific immune globulin, INH-A21, that contains elevated levels of protective antibodies that recognize heterologous strains of both S. aureus and S. epidermidis.
MATERIALS AND METHODS
Bacteria. S. epidermidis strain ATCC 35984 (RP-62A) was obtained from the American Type Culture Collection (Manassas, VA). S. epidermidis strain HB (Nilsson) was provided by Timothy Foster of Trinity College, Dublin, Ireland. F40802 is an S. epidermidis strain isolated from the blood of a neonatal intensive care unit (NICU) patient. S. aureus strain 67-0 is a methicillin-resistant wound isolate (MRSA 67-0) previously shown to be virulent in an animal model of infective endocarditis (IE) (3) that was provided by Henry Chambers, University of California San Francisco and San Francisco General Hospital.
The cultures were centrifuged, and the pellets were washed once with 10 ml of sterile saline and then resuspended in 20 ml of tryptic soy broth. Twenty hours after antibody administration, the rats were challenged with an i.p. injection of 3.8 ϫ 10 8 CFU, and survival was monitored for 7 days.
Rabbit model of IE. The rabbit model was performed in accordance with the institutional policies of the Los Angeles Biomedical Research Institute at Harbor-UCLA. Female outbred New Zealand White rabbits (Irish Farms, Corona, CA), weighing 2.2 to 2.5 kg each, underwent carotid artery-to-left ventricle catheterization as previously described to induce sterile aortic valve vegetations (31) . For studies of prophylaxis, animals were infused intravenously (i.v.) with 300 mg/kg of INH-A21 or 300 mg/kg of normal IGIV (Panglobulin) at 24 h postcatheterization. Twenty-four hours later, the rabbits were challenged with a 90% infective dose inoculum (as determined in pilot studies) of methicillinresistant S. epidermidis (MRSE) ATCC 35984 (5.9 ϫ 10 5 CFU) or MRSA 67-0 (5.8 ϫ 10 5 ) by i.v. injection via the marginal ear vein. For therapeutic studies, the bacterial challenge (7.9 ϫ 10 5 CFU MRSE ATCC 35984 or 7.6 ϫ 10 5 CFU MRSA 67-0) was given 24 h postcatheterization. Antibody doses of 100, 200, or 300 mg/kg were administered i.v. 24 h after bacterial challenge. Previous findings with normal IGIV in pilot studies of established experimental endocarditis caused by the same MRSA 67-0 strain as used in the present study showed that normal IGIV had little impact on the disease outcomes. Thus, we utilized buffer as the control in the therapeutic experiments to simplify the animal experimentation. Rabbits were sacrificed, and the aortic valve vegetations, kidneys, and blood were harvested aseptically as the animals became moribund or at 72 h postchallenge. Only animals with correct transaortic valve catheter position and macroscopic vegetations were included in the final analyses. Samples were quantitatively cultured as previously described (29) . Quantitative culture data (infection severities) were expressed as either log 10 CFU/ml for blood cultures or log 10 CFU/g tissue for cardiac vegetations and renal abscesses. The incidence of infection was defined as the percentage of tissue samples with culturable staphylococci. One sample of each tissue was collected per animal.
Statistics. All statistical analyses were performed using GraphPad Prism version 4.00 for Windows (GraphPad Software, San Diego, CA). For the rat neonate model, survival fractions were calculated using the product limit method (Kaplan-Meier), and the resulting curves were compared for significance using the Mantel-Haenszel log rank test. For the rabbit IE model, proportional data between groups (e.g., proportion of tissues rendered culture negative) were analyzed using Fisher's exact test. Continuous data (e.g., bacterial densities) were analyzed by Kruskal-Wallis analysis of variance with Dunn's post hoc correction for multiple comparisons between groups of three or more. For comparisons between two groups, a Mann-Whitney t test was performed. For all comparisons, a P value of Ͻ0.05 was considered statistically significant.
RESULTS

Inhibition of fibrinogen binding by INH-A21. INH-A21 was
produced to possess elevated titers of ClfA-and SdrG-specific antibodies compared to other normal IGIV products. An ELISA utilizing recombinant forms of ClfA and SdrG (Clf40 and SdrG-A) was used to determine if the increased titer in INH-A21 resulted in a greater capacity to inhibit the fibrinogen-binding activity of the MSCRAMM proteins. In Fig. 1 , the inhibitory activity of INH-A21 was compared with a normal IGIV product (Panglobulin). At a concentration of 10 mg/ml, INH-A21 was able to inhibit Clf40 binding to human fibrinogen by 95%, whereas the same concentration of normal IGIV resulted in only 21% inhibition ( Fig. 1A) . Likewise, at a concentration of 10 mg/ml, INH-A21 inhibited SdrG-A binding to fibrinogen by 86% while normal IGIV only achieved 7% inhibition at that concentration ( Fig. 1B) . Similarly, INH-A21 was able to inhibit fibrinogen binding of both S. aureus and S. epidermidis in whole-bacteria adherence assays (data not shown).
Opsonic activity of INH-A21. An OP assay was performed with fluorescently labeled S. aureus and S. epidermidis. The labeled bacteria were opsonized with increasing concentrations of INH-A21 or normal IGIV (Panglobulin) and incubated with the murine phagocytic cell line RAW 264.7. Phagocytosis of the fluorescent bacteria was monitored by flow cytometry. As shown in Fig. 2 , opsonization by INH-A21 resulted in a concentration-dependent uptake of labeled bacteria by the phagocytes. The level of uptake observed with INH-A21 was consistently greater than the uptake achieved with identical concentrations of normal IGIV. Control experiments performed in the presence of the quenching agent, trypan blue, showed little reduction in overall fluorescence, indicating that the majority of bacteria associated with the RAW 264.7 cells were internalized (data not shown).
Protection against S. epidermidis infection in neonatal rats. The protective efficacies of INH-A21 and normal IGIV were compared in a suckling rat model of S. epidermidis infection intended to emulate the immature immune system of a neonate. By day 3 after i.p. challenge, 100% of the animals receiving normal IGIV or buffer succumbed to the S. epidermidis infection ( Fig. 3) . In contrast, only 28% of the animals receiving INH-A21 had a lethal outcome by day 7. A single administration of INH-A21 provided significantly better protection in the neonatal rats than both normal IGIV (P ϭ 0.0003) and buffer (P ϭ 0.0002).
Prophylactic efficacy against staphylococcal IE. A rabbit model of IE was used to simulate clinical infections that include a central venous catheter, bacteremia, and hematogenous seeding to distal organs (3). INH-A21 (300 mg/kg) and normal IGIV (300 mg/kg) were each administered by a single intravenous injection to catheterized rabbits with sterile aortic valve vegetations, whereas none of the animals receiving INH-A21 had detectable MRSE in their bloodstream (P ϭ 0.0017). Regardless of the treatment group, rabbits that were infected with MRSA did not develop sustainable bacteremia (data not shown). We postulate that the infecting inoculum of MRSA used in the study (selected at the 90% infective dose level to reduce postchallenge mortality) was too low to maintain a detectable level of bacteremia. Hematogenous dissemination of staphylococci to the kidneys appeared to correlate with the incidence of bacteremia. Thus, 63% of the normal IGIV-treated rabbits infected with MRSE had detectable bacteria in their kidneys (Fig. 4A) .
In contrast, only 20% of the INH-A21-treated rabbits had detectable MRSE in their kidneys. Animals challenged with MRSA had low levels of hematogenous seeding, with 25% of the control group and 0% of the INH-A21-treated animals having detectable bacteria in their kidneys (Fig. 4B ). To compare the number of CFU per gram recovered from tissues, samples with no detectable infection were assigned a value based on the limit of detection and the weight of the tissue sample. Using this method, the difference in bacterial density in vegetations infected with S. epidermidis was also found to be significantly different between the control and INH-A21treated groups (P ϭ 0.0007). To determine if the reduction in bacterial counts in the INH-A21-treated animals was simply due to a direct effect of the presence of the antibody, a control experiment was performed in which live S. aureus and S. epidermidis organisms were mixed with increasing concentrations of INH-A21 and incubated for 60 min at 37°C. A control run in the absence of INH-A21 was also prepared. The number of live bacteria remaining at the end of the incubation was then quantitated by plating. Incubation with INH-A21 had no effect on plating efficiency (data not shown).
Therapeutic efficacy of INH-A21 in established IE. The effect of treating established infections with INH-A21 was studied using the rabbit IE model. Aortic valve vegetations were induced by catheterization followed by bacterial challenge to produce IE. Twenty-four hours postchallenge, animals were treated i.v. with single INH-A21 doses of 100, 200, or 300 mg/kg. Control animals received mock injections of buffer. Treatment with 300 mg/kg INH-A21 resulted in dramatic reductions in MRSE densities in the blood (P Ͻ 0.01), kidney (P Ͻ 0.01), and cardiac valve vegetations (P Ͻ 0.001) compared to controls (Fig. 5 ). The incidence of MRSE bacteremia was also reduced in rabbits infused with 300 mg/kg compared to controls (P ϭ 0.015). The two lower doses of INH-A21 produced modest reductions in the target tissues, although significant reductions were observed in the vegetations of the 200 mg/kgtreated cohort (P Ͻ 0.05).
Experimental IE established with MRSA and treated with escalating concentrations of INH-A21 produced outcomes similar to the MRSE studies. As shown in Fig. 6 , bacterial densities were significantly lower in the blood of animals treated with 200 and 300 mg/kg of INH-A21 (P Ͻ 0.05) than in controls. A significant reduction in the bacterial densities of cardiac vegetations was observed at 300 mg/kg INH-A21 (P Ͻ 0.05) and in kidneys at the 200 mg/kg INH-A21 dose (P Ͻ 0.05).
DISCUSSION
Newborn infants, especially premature infants weighing Յ1,500 g, are highly susceptible to overwhelming, hospitalacquired bacterial and viral infections (27, 28) . The risk of infection (especially endovascular) is increased by invasive procedures commonly used to treat complications of prematurity in the NICU, such as insertion of central venous catheters, peripheral catheters, mechanical ventilation, and total parenteral nutrition (27, 28) . Major efforts in neonatal care in the early 1990s resulted in a decrease in morbidity and mortality; however, since 1995, no additional substantive improvements in outcomes have been made in the NICU (13) . Because lateonset sepsis is a major contributor to both mortality and morbidity, a novel approach based on reducing the most prevalent causes of infection may have a profound beneficial outcome on the health of VLBW infants.
Replacement therapy with normal human IGIV has been successful in reducing the incidence and severity of acute infections in patients with inherited and acquired antibody deficiencies (25) . Premature infants have low antibody levels due to insufficient transfer of maternal antibodies across the placenta before 32 weeks of gestation and because endogenous IgG synthesis does not begin until approximately 24 weeks after birth (2) . Thus, prophylaxis with IGIV to raise serum IgG levels and to reduce the incidence of nosocomial infections in premature infants has been the subject of many studies. Clinical trials using normal IGIV in VLBW neonates, however, have produced mixed results. Baker and colleagues (1) conducted a randomized, double-blind, placebo-controlled clinical trial of IGIV in 588 neonates weighing from 500 to 1,750 g at birth. IGIV significantly reduced the risk of nosocomial infections by 30% compared to placebo recipients. The majority of confirmed bacterial infections were caused by coagulase-negative staphylococci and S. aureus. In contrast, Fanaroff and coworkers (8) randomized 2,416 neonates to receive a dose of 900 mg/kg IGIV for infants weighing 501 to 1,000 g at birth. In this study, prophylaxis with IGIV failed to reduce the incidence of nosocomial infections. In fact, meta-analysis of over 19 clinical studies indicated that normal IGIV provided only a mar-FIG. 3. Protective activity of INH-A21 IGIV compared to normal IGIV in neonatal rats. Three-to 4-day-old Sprague-Dawley rats were injected i.p. with 1,000 mg/kg of INH-A21 (n ϭ 11), 1,000 mg/kg of normal IGIV (n ϭ 10), or an equal volume of buffer (n ϭ 10). Animals were injected i.p. 20 h later with 3.8 ϫ 10 8 S. epidermidis strain HB cells. Survival was recorded for 7 days. Survival fractions were calculated using Kaplan-Meier analysis, and the resulting curves were compared for significance using the Mantel-Haenszel log rank test of INH-A21 versus buffer (P ϭ 0.0002) and INH-A21 versus normal IGIV (P ϭ 0.0003).
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on October 14, 2017 by guest http://aac.asm.org/ ginal prophylactic benefit to the low-birth-weight neonate (14, 20) . Normal human IGIV contains a wide variety of antibodies, although since it is derived from healthy adults from the general population, the concentration of any one specific antibody is usually quite low (25) . Although most clinical trials measured circulating IgG levels as surrogates for antibody activi-ties, determinations of specific antibody activities in vivo were not generally performed. In retrospect, it is apparent that insufficient attention was given to measurements of protective antibody activities in IGIV preparations used in the clinical trials.
In an attempt to create an IGIV preparation with elevated levels of protective antibodies against both S. aureus and S. Detection limits in the blood samples were 1 colony/ml. Detection limits in the tissues were dependent on tissue weight and averaged 17 CFU/g for vegetations and 6 CFU/g for kidneys. Infection rates in tissues from INH-A21 treatment groups were significantly reduced in the following groups: cardiac vegetations (P ϭ 0.0094); blood (P ϭ 0.0017) (S. epidermidis challenge) (A); cardiac vegetations (S. aureus challenge) (P ϭ 0.0086) (B). Bacterial densities were also significantly reduced compared to controls in cardiac vegetations (P ϭ 0.007) of animals challenged with S. epidermidis (A). Significant P values are indicated on the graphs.
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DONOR-SELECTED IGIV AGAINST MRSA AND MRSE 515 on October 14, 2017 by guest http://aac.asm.org/ epidermidis (the most common sources of neonatal sepsis in VLBW infants), INH-A21 was prepared with plasma collected from donors with elevated antibody levels recognizing ClfA and SdrG. Fibrinogen binding mediated by ClfA and SdrG has been shown to be a key virulence factor for endovascular and biomaterial-related infections (4, 15, 23, 26) . Inhibition of fibrinogen binding would likely interfere with the capacity of staphylococci to spread hematogenously and bind to sites of vascular damage. Indeed, polyclonal antibodies that recognize these proteins have previously been shown to be protective in animal models of staphylococcal infection (24, 29) . In particular, an IGIV product with increased antibody titers recognizing ClfA has been shown to have therapeutic efficacy against MRSA infection in a rabbit IE model when used in combination with vancomycin (29) . The data presented here demonstrate that a single IGIV preparation with increased titers against ClfA and SdrG is capable of providing both prophylactic and therapeutic protection against infection mediated not only by S. aureus but also against S. epidermidis. Moreover, the efficacy of this IGIV preparation against S. epidermidis was confirmed in two distinct models of vascular infection, neonatal rat sepsis and rabbit IE. The biological mechanism(s) of action of INH-A21 most likely reflects both antiadhesion and opsonic properties of these antibodies. In an ELISA, INH-A21 substantially inhib-ited the fibrinogen-binding activity associated with recombinant forms of the ClfA and SdrG proteins. These antibodies may therefore inhibit the ability of staphylococci to colonize and replicate during the early course of infection and thereby reduce the bacterial burden and the overall severity of disease. This hypothesis is supported by data from the prophylactic and therapeutic studies of INH-A21 showing reductions in the number staphylococci recovered from the aortic vegetations as well as the kidneys. Additionally, antibodies present in INH-A21 were shown to induce opsonophagocytic uptake of both S. aureus and S. epidermidis by a murine phagocytic cell line in vitro. As a surrogate monitor of in vivo opsonic activity, the in vitro studies indicated that antibodies in INH-A21 can act as opsonins that would enable recognition and clearance of bacteria by phagocytic cells. The dramatic reduction in the quantity of MRSA and MRSE organisms in the bloodstream of the rabbits with established IE may reflect this opsonophagocytic activity of INH-A21 in vivo. However, in the present in vivo studies, it is not possible to distinguish whether the reduction in bacteria is due to prevention of seeding of the valve, postseeding clearance, more rapid intravascular clearing, and/or more rapid or extensive clearing by the reticuloendothelium system. It is possible that a composite of all these effects is involved.
The production of a specific immune globulin produced by Bacterial counts were significantly reduced in blood and kidney samples at 300 mg/kg (P Ͻ 0.01). Bacterial density was significantly lower in cardiac vegetations at 200 mg/kg (P Ͻ 0.05) and 300 mg/kg (P Ͻ 0.001). The incidence of bacteremia was also significantly reduced in the 300 mg/kg cohort (P ϭ 0.015). Significant P values are indicated on the graphs.
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on October 14, 2017 by guest http://aac.asm.org/ screening donors for naturally occurring staphylococcal antibodies directed against MSCRAMM proteins may prove to be an essential intervention strategy in the prevention, and possibly the treatment, of serious staphylococcal infections. Recently, results of a multicenter phase II clinical trial for the prevention of nosocomial infections in very-low-birth-weight infants using a good manufacturing procedure-manufactured version of INH-A21 have been published (5) . At a dose of 750 mg/kg, a potential to reduce sepsis caused by S. aureus, candidemia, and mortality was observed. Results from ongoing clinical trials will be required to confirm these observations and assess the potential efficacy of INH-A21 against staphylococcal diseases in humans. 
